ABSTRACT. Our studies were designed to characterize calcium transport by intestinal Golgi vesicles in spontaneously hypertensive rats (SHR) and their genetically matched control, Wistar-Kyoto rats (WKY). The biochemical purity of the intestinal Golgi in SHR and WKY was validated by marker enzyme studies. Calcium uptake by Golgi vesicles represented transport into the intravesicular space as evidenced by temperature dependency and by calcium ionophore A23187-induced calcium efflux experiments. ATP-driven calcium uptake was stimulated severalfold compared with uptake in the absence of ATP and adenylyl-(/3-7-rnethylendiphosphate) (nonhydrolyzable ATP) in both SHR and WKY. ATP-dependent calcium uptake was significantly higher in WKY compared with SHR at early times points, 15 s-5 min ( p < 0.05-0.01). The initial rate of calcium uptake was linear up to 60 s. Epidemiologic studies suggested an inverse relationship between blood pressure and dietary calcium intake (1-5). Oral calcium supplementation in humans resulted in reduction in blood pressure (6). Furthermore, low serum level of ionized calcium has been described in humans with essential hyperten- Supported by Grant no. NIH HL3796 1. sion (7). These studies suggest an alteration of calcium homeostasis in humans with essential hypertension.
sion (7) . These studies suggest an alteration of calcium homeostasis in humans with essential hypertension.
The SHR is the most widely used animal model of human essential hypertension (8) . Calcium metabolism in SHR has been shown by several studies to be abnormal. These abnormalities include reduced serum ionized calcium, increased serum parathormone levels, hypercalciuria, and abnormal vitamin D metabolism (9) (10) (11) (12) (13) (14) (15) (16) . Studies on calcium transport using in vivo and in vitro techniques, in general, have shown decreased calcium uptake by the small intestine of the SHR when compared with WKY (12, 15, 16, 17, 18) . Calcium transport across the enterocyte, however, represents three steps that include: entry across brush border membrane, cytosolic movement, and exit of the basolateral membrane. To our knowledge, there are no studies to address the cytosolic movement of calcium within the enterocytes. Because the Golgi apparatus plays a major role in intracellular calcium handling (19, 20) and abnormalities in intracellular calcium handling have been reported in tissues of SHR (2 I), we postulated that calcium uptake by Golgi apparatus might be abnormal.
Therefore, our studies were designed to characterize calcium transport by intestinal Golgi of the SHR and their genetically matched control, WKY. Furthermore, calcium uptake was studied before (3-wk-old rats) and after development of hypertensive state (1 2-wk-old).
MATERIALS AND METHODS

Animals and materials.
Both SHR and WKY were obtained from Taconic Farms (Germantown, NY). Adult rats (12-14 wk old) and weanling rats (21 + 1 d old) were used to prepare the intestinal Golgi vesicles. Adult and weanling rats were fed a regular diet that contained 1.2% calcium, 0.8 phosphate, and 1700 U/ 100 g of ergocalciferol (Teklad Diets, Madison, WI). 45Ca (0.37-1.5 GBq/mg) was obtained from New England Nuclear Corporation (Boston, MA). Enzymes and substrates were obtained from Sigma Chemical Corporation (St. Louis, MO). Cellulose nitrate filters, 0.45-pm pore size were obtained from Sartorius Filters, Inc. (Hayward, CA). All other chemicals were of the highest purity available.
Preparation of Golgi vesicles. The intestinal Golgi vesicles were prepared from the jejunum of four adult or 12 weanling rats. Rats were killed by cervical dislocation. The jejunal region extended from the ligament of Treitz to 30 and 50 cm aborally in weanling and adult rats, respectively. The intestinal segments were removed, flushed with cold normal saline and then filled with warmed buffer solutions (37°C) containing 1.5 mM KCl, 96 mM NaC1, 8 mM KH2P04, 5.6 mM Na2HP04, 27 mM Na3 citrate, and 2 mM DTT (pH 7.2). The segments were clamped and incubated in the same buffer without DTT (this buffer will be called citrate buffer from now on) for 15 min in a shaking water bath at 37°C. The clamps were then removed and the contents were emptied. The segments were filled with cold citrate buffer and were clamped and palpitated for 5 min on a cold plate to release epithelial cells. The clamp was then removed and the epithelial cells were emptied. The enterocytes were collected at 500 x g for 10 min. The enterocytes were then homogenized in 42.5 mM NazHP04, 20 mM KH2PO4, 250 mM sucrose, 1% dextran, 10 mM MgC12 (pH 7.2) with three strokes in glassTeflon homogenizer. The cells were then further fractionated in a Parr Bomb (Parr Instrument Co., Moline, IL) at 1000 pounds per square inch for 60 min. The slowly discharged cell fractions were then layered on an unbuffered aqueous 1.25 M sucrose pad (22) and were centrifuged in an SW28 rotor nonstop in the following manner: at 3300 x g for 10 min, 13 200 X g for 10 min, and 82 600 X g for 45 min.
The Golgi-rich fraction appeared as a white band at the interface. This band was then diluted in 260 mM sucrose and 5 mM imidazole (pH 7.2) and the Golgi was collected at 60 000 x g for 30 min.
Marker enzyme enrichment. Galactosyl transferase, a marker of Golgi, was measured as described by Moore et al. (22) and Fig. 6 . Kinetics of calcium uptake in weanling (3-wk-old) SHR and WKY. Golgi vesicles were prepared in 260 mM sucrose and 5 mM imidazole buffer pH 7.2. ATP-dependent calcium uptake was determined at 15 s with a range of calcium concentrations in the media from 0.1 to 2.0 pM. IOnetic parameters were obtained using a computerized model of the Michaelis-Menten kinetics. The V,,, value in weanling WKY was significantly greater compared with the corresponding mean value in SHR ( p < 0.001).
cytochrome C reductase and oxidase markers of endoplasmic reticulum and mitochondria, respectively, were measured as described by Beaufay et al. (23) . Na+/K+-ATPase, a marker for basolateral membrane, was measured by the method of Scharschmidt et al. (24) . Protein was measured by the method of Lowry et al. (25) using BSA as the standard.
Transport measurements. Uptake of calcium was measured by a rapid filtration technique. In brief, Golgi vesicles were incubated in the transport buffer (260 mM sucrose, 5 mM imidazole, pH 7.2). The uptake study was initiated by the addition of 20 pL of vesicle to 80 pL of labeled incubation media. The final concentrations of constituents were as follows: 130 mM KCl, 1.3 mM EGTA, 1 mM MgC12, 27.5 mM imidazole, 0.1 1 mM dinitrophenol, 1.1 mM NaN3, and 3 mM MgATP or 3 mM AMP-PCP. Micromolar concentration of free calcium was obtained by Ca-EGTA buffering system as detailed by Pershadsingh and McDonald (26) . All experiments were performed at 25°C unless otherwise indicated. The reaction was stopped by addition of 1 mL of cold stop solution containing 100 mM mannitol, 100 mM MgC12, and 20 mM N-2-hydroxyethylpiperazine-W-2-ethanesulfonic acid/Tris (pH 7.2). The vesicles were filtered immediately over a cellulose nitrate filter under suction and washed with 5 mL of stop solution. The amount of radioactive substrate remaining on the filter was determined in a liquid scintillation counter (Beckman Instruments, Palo Alto, CA), using Scinti Verse I1 (Fisher Scientific, Norcross, GA) as a liquid scintillant. Statistical analysis. All data were statistically analyzed as mean f SEM and the significance of difference was determined using unpaired t test. Each experiment was repeated three times and was run in triplicate. Km and V, , , were determined according to a computer model for estimation of Michaelis-Menten kinetic parameter (27) .
RESULTS
Purity of Golgi vesicles.
The activities of Na+/K+-ATPase, cytochrome C oxidase, and reductase markers of basolateral membrane, mitochondria, and endoplasmic reticulum, respectively, were impoverished at 0.4,0.5, and 0.5 times, respectively. The activity of galactosyl transferase, a marker of Golgi, was enriched 30 and 32 times, respectively, in adult WKY and SHR. A similar activity was obtained for both 3-wk-old WKY and SHR. ATP-driven calcium uptake with time. As seen in Figure 1 at each time point studied, Ca++ uptake in the presence of ATP was stimulated several-fold compared with the no ATP condition in both SHR and WKY. Calcium uptake with ATP was higher in WKY compared with SHR values ( p < 0.05-0.0 1) at 15 s to 5 min. Uptake values in the absence of ATP were similar.
Effect of nonhydrolyzable ATP (AMP-PCP) and CTP.
To determine the requirement for the hydrolysis of the P-phosphodiester bond for the stimulatory effect of ATP, we investigated the effect of 5 mM of a nonhydrolyzable ATP analogue, AMP-PCP, on calcium uptake. The specificity of the adenosine base was tested by the addition of 5 mM CTP to the incubation media instead of ATP. Both AMP-PCP and CTP decreased calcium uptake by more than 80% in SHR and WKY (Fig. 2) Effect of calcium ionophore A23187 on calcium efflux. The effect of calcium ionophore A23187 at 10 pg/mg protein on calcium efflux from calcium-loaded Golgi vesicles was determined. As seen in Figure 3 , calcium efflux in the presence of A23 187 occurred rapidly compared with efflux in the absence of A23187 in both SHR and WKY, respectively, suggesting that calcium was present in the intravesicular space.
Effect of 50 p M sodium vanadate on calcium uptake. Sodium vanadate inhibited calcium uptake in Golgi vesicles of SHR and WKY by more than 80% at 15 min ( p < 0.001).
Initial rate uptake. Kinetics of calcium uptake. 
DISCUSSION
Our studies characterize calcium uptake by Golgi apparatus in SHR and their normotensive control, WKY. The biochemical and functional purity of the Golgi vesicles prepared from fresh enterocytes was validated by marker enzyme studies. Furthermore, we used sodium azide and dinitrophenol in our preparation to inhibit any contaminating mitochondria1 preparation. These validation studies are similar to our previously published data on Golgi vesicles of Sprague-Dawley rats (1 9).
Calcium sequestration within the cytosol occurs by equilibrium binding to high affinity sites on cytosolic membrane or soluble protein (28, 29) or by active transport to subcellular organelles (19, 30, 31 Our studies demonstrate that the time course of calcium uptake in the presence of ATP was stimulated several-fold compared with that in the absence of ATP in SHR and WKY. These results are similar to those reported for ATP-dependent calcium uptake by the Golgi in Sprague-Dawley rats (19) . The requirement for the hydrolysis of ATP was shown by the lack of stimulation of calcium uptake in the presence of AMP-PCP, a nonhydrolyzable ATP analogue. The specificity of the adenosine base was shown by the lack of stimulation by CTP.
The initial rate of calcium uptake was higher in adult and weanling WKY compared with SHR ( p < 0.05-0.01). Kinetic parameter showed that this increase is secondary to a greater V,,, in WKY compared with SHR.
To define whether calcium uptake represents binding or transport into the vesicular space, calcium uptake was determined at 25 and 0°C in WKY and SHR. The marked decrease in calcium transport at 0°C compared with 25°C is consistent with the concept that a major component of calcium uptake represents transport into the intravesicular space rather than binding in both WKY and SHR. The second experiment was a calcium eMux study using calcium ionophore A23 187. As seen in Figure  3 , calcium eftlux in the presence of ionophore A23 187 occurred more rapidly from the vesicles in both WKY and SHR compared with eMux with no ionophore present. The third experiment tested the inhibitory effect of sodium vanadate on ATP-dependent calcium uptake. Vanadate inhibited calcium uptake by more than 80%. ~h e s e three studies, coupled with the small value for the intercept in the initial rate studies, .suggest that calcium uptake by Golgi vesicles represents transport into the intravesicular space driven by the hydrolysis of ATP rather than binding.
The decrease in ATP-dependent calcium uptake in SHR was also present in the prehypertensive weanling SHR compared with WKY. This observation suggests that the abnormalities in intracellular calcium handling are genetically determined and are not secondary phenomena in response to the hypertensive state. This decrease is not secondary to the decrease in vitamin D level because our recent data showed that serum levels of 25(OH)2 vitamin D were similar in the SHR and WKY (33) . Decreased uptake of calcium by Golgi vesicles may lead to an increase in intracellular calcium concentration with increased availability of calcium to contractile proteins. Such an increase in intracellular calcium concentration has been shown to be present in various tissues of SHR and humans with hypertension (34, 35) . In summary, our studies clearly demonstrate abnormalities in intracellular calcium handling by subcellular organelles of the enterocytes. These abnormalities are present before the appearance of hypertension and may represent a generalized phenomena in tissues of the SHR that may have a role in the development of hypertension.
